The urban environment quality is of vital importance as the majority of people 
Introduction
With the increasing demand for metals in industries and rapid urbanisation in many parts of the world, contamination by metals in the terrestrial environment has become widespread in a global context. Increasing metal pollution has severely disturbed the natural geochemical cycling of the ecosystem. Heavy metals from vehicular emissions, incinerators, industrial waste, the atmospheric deposition of dust and aerosols, and other activities have continuously added to the pool of contaminants in the environment (Harrison et al., 1981; Culbard et al., 1988; Thornton, 1991; Schuhmacher et al., 1997; Hashisho and El-Fadel, 2004; Kuang et al., 2004; Mireles et al., 2004; Banat et al., 2004) . Hong Kong is an urban metropolis with a population of over 6.8 million and a small land area of only 1,067 km 2 (for population density of about 6,300 people per km 2 ). Many residential areas and commercial skyscrapers have been built in the close vicinity of well-established networks of highways and roads. Situated in the southern tip of the Pearl River Delta Region (PRDR) that has rapidly industrialised in the last three decades, Hong Kong is also susceptible to regional pollution from the PRDR (Wang et al., 2003; Wong et al., 2003) . Metal contamination from various sources is an important environmental concern in Hong Kong.
Due to the non-biodegradability of heavy metals and their long biological halflives for elimination, their accumulation in the food chain will have a significant effect on human health in the long term (Alloway, 1990; Kabata-Pendias and Pendias, 1992) . Past studies have revealed that human exposure to high concentrations of heavy metals will lead to their accumulation in the fatty tissues of the human body and affect the central nervous system, or the heavy metals may be deposited in the circulatory system and disrupt the normal functioning of the internal organs (Nriagu, 1988; Thompson et al., 1988; Waisberg et al., 2003; Bocca et al., 2004) . A number of studies have indicated that children exposed to contaminated soils, dust, and air particulates may ingest a significant amount of toxic elements through the handmouth pathway and through other routes of exposure (Davies et al., 1990; Mielke et al., 1999; Raghunath et al., 1999; Yáñez et al., 2003) .
The distribution of heavy metals in soils has been widely studied in Hong
Kong (Wong and Tam, 1978; Lau and Wong, 1982; Chen et al., 1997; Li et al., 2001 ).
Some attempts have also been made in Hong Kong and other areas (Tao, 1995; Mielke et al., 2000; Facchinelli et al., 2001; Norra et al., 2001; Romic and Romic, 2003) to study the distribution of metals in soils and their sources using GIS methods. However, the enrichment of heavy metals in soils in urban areas compared with the situation in industrial or mining areas is not well illustrated. Studies on the sources of pollution using GIS have also mainly been limited to the mapping of soil pollutants/pollution indices and direct comparisons between them and various thematic maps (such as roads, topography, and buildings) within different GIS layers.
The quantitative correlation between heavy metals in soils and their potential sources has also not been well established in urban surroundings. The aims of the present study are (1) to assess and compare metal contamination in soils of urban, suburban, and country park areas of Hong Kong; (2) to evaluate the relationship between heavy metals and their possible sources using GIS spatial analysis; and (3) to identify the anthropogenic sources of Pb using Pb isotopic composition analysis. 
Materials and Methods

The study area
Soil sampling
In this study, the scope of the sampling area was focused on Hong Kong
Island, which has an area of 80.28 km 2. A systematic sampling strategy was adopted to provide a sampling programme over the entire island (Fig. 1) . The whole area was divided into 80 cells of 1 km x 1 km in size, within which the topsoils (0 -15 cm)
were collected. In the sampling programme, soils from urban, suburban, and country park areas were collected based on the different site conditions (see Table 1 ). A sampling density of 5 samples per km 2 was adopted wherever possible in urban areas, and 2 samples per km 2 was used in both the suburban areas and inside the country parks. Each of the soil samples consisted of 9 sub-samples obtained in a 2 m x 2 m grid using a stainless steel hand auger. The collected soil samples were stored in polyethylene bags for transport and storage. The soil samples were air-dried in an oven at 50 o C for 3 days. They were then sieved through a 2.0-mm polyethylene sieve to remove stones, coarse materials, and other debris. Portions of the soil samples (~ 20 g) were ground in a mechanical agate grinder until fine particles (< 200 µm) were obtained. The prepared soil samples were then stored in polyethylene bags in a dessicator.
Rock sampling
Three major types of bedrock in Hong Kong, including granite, granodiorite and tuff were sampled. A total of 9 samples were collected (3 samples for each type of rock) at various locations of Hong Kong using a stainless-steel hammer. Portions of the rock samples were then ground using mechanical agate grinder to fine particles (< 200 µm). The ground rock samples were then stored in a polyethylene bags in a dessicator before analysis.
Strong acid digestion
The soil samples were analysed for major and trace metal concentrations using a strong acid digestion method Approximately 0.300 g of the ground rock samples (<200 µm) were digested in similar settings using the strong acids (concentration nitric and perchloric acids).
Elemental concentrations of the solutions were then determined using ICP-AES (Perkin Elmer 3300DV). The precision and bias assessed by the reagent blanks and replicate samples were <10% for both trace and major elements in the analysis.
Pb isotopic composition analysis
The Pb isotopic composition analysis was performed on selected soil samples from the urban, suburban, and country park areas, and the rock samples to study the natural and anthropogenic origins of Pb in the three types of soils and the natural bedrocks. Solutions from the strong acid digestion were diluted until a Pb concentration of about 20 ppb was obtained, using 5% high-purity HNO 3 and analysed for Pb isotopic composition by Inductively Coupled Plasma-Mass 
Statistical analysis
The analytical results and field data were compiled to form a multi-elemental database using Excel and SPSS®. Statistical analyses, including principal component analysis (PCA) and cluster analysis (CA), were performed using SPSS® statistical software. In the PCA, the principal components were calculated based on the correlation matrix. Varimax with Kaiser normalisation was used as the rotation method in the analysis. Since the elemental concentrations varied greatly among the major and trace elements, the raw data were standardised before the execution of clustering in CA. The data were standardised to the Z score (with a mean of 0 and a standard variation of 1) and then classified using the Wards method. The distance measure used in CA was the Squared Euclidean distance. The heavy metals, which showed a close correlation, were identified and grouped for further analysis.
Spatial analysis based on GIS
The heavy metal concentrations were used as the input data for soil pollution maps to study the distribution of metals in urban soils. The software used for the mapping and spatial analysis was ArcView 8. An interpolation method called the Inverse Distanced Weighted (IDW) method was adopted for the interpolation of geographical data. Gridding was performed based on a grid size of 50 x 50 m 2 using all of the input points available with a variable search radius. In the IDW method, the closer a point is to the centre of the cell being estimated, the more weight it has in the averaging process. The heavy metals, which are highly enriched in urban and suburban soils as compared with country park soils, were identified. 
Results and Discussion
Heavy metal concentrations
The concentrations of Cd, Co, Cr, Cu, Ni, Pb, and Zn in the urban, suburban and country park soils in Hong Kong Island are summarised in represented by the natural bedrock, the urban soils and suburban soils were enriched with metals such as Cu, Pb, and Zn. The trace metal concentrations of the country park soils were comparable to the background values. The heavy metal concentrations in the urban soils were generally higher than those in suburban soils, because more anthropogenic activities take place in urban environments.
Results of multivariate statistics 3.2.1. Principal component analysis (PCA)
The results of PCA for the metal concentrations in the urban, suburban, and country park soils are tabulated in Table 4 . Four principal components were considered in the PCA analysis, accounting for over 80% of the total variance in the three sets of data.
In the HKI urban soils, elements such as Cd, Cu, Ni, Pb, and Zn were closely associated in the first principal component (PC1), which explained over 30% of the total variance. This may indicate the influence of anthropogenic inputs of these elements into the urban soils. Cobalt was found to be associated with Mg and Mn in the PC1 of the suburban soils, and elements such as Cd, Cr, and Ni were associated with Al and Fe in the PC1 of the country park soils, which explained over 25% and 30% of the total variance, respectively. These results showed that the heavy metals in the suburban and country park soils were found to be associated with some rockforming elements, which may originate from the parental materials of the soils. In 
Cluster Analysis (CA)
Cluster analysis was performed on the elemental concentrations in the urban, suburban and country park soils. The results are illustrated in the dendrograms (Figs. 2, 3, and 4). The distance cluster represents the degree of association between elements. The lower the value on the distance cluster, the more significant was the association. A criterion for the distance cluster of between 15 to 20 was used in the analysis.
In the HKI urban soils, two distinct clusters can be identified (Fig. 2 ).
Cluster I: contained Cd, Cr, Cu, Ni, Pb, and Zn. These elements probably came from anthropogenic sources in urban areas.
Cluster II: contained Co and major elements such as Al, Ca, Mg, Mn, and Fe.
The elements may originate from the natural parent materials of the soils.
In the suburban soils, two distinct clusters can be identified (Fig. 3 ).
Cluster I: contained Cr, Co, and Ni and major elements such as Al, Mg, and Fe.
The elements probably came from natural materials.
Cluster II: contained Cd, Cu, Pb, and Zn and major elements such as Ca and Mn.
The association may reflect the inputs from some anthropogenic activities and/or natural geochemical system.
In the country park soils, two distinct clusters can be identified (Fig. 4 ).
Cluster I: contained heavy metals, such as Cd, Cr, and Ni, and major elements such as Fe and Al. The heavy metals may be geochemically associated with the major elements and come from natural sources.
Cluster II: contained Co, Cu, Pb, and Zn and major elements, Ca, Mg, and Mn.
The association may reflect some influence from urban activities and natural geochemical behaviour.
As shown above, the hierarchical clusters of the HKI urban, suburban, and country park soils vary among different sampling areas. Although a universal criterion (15 -20) was adopted in the clustering for purposes of comparison, the clusters in the urban and country park soils were more distinct in comparison with those in the suburban soils. Clustering of elements was formed at a lower distance criterion in the urban and country park soils. For an instance, Cluster I in the HKI urban soils was formed at a distance criterion of about 8 (Fig. 2) and Cluster I in the country park soils was formed at a distance criterion about 6 (Fig. 4) .
Heavy metals, such as Cd, Co, Cr, Cu, Ni, Pb, and Zn, in the country park soils were found to be closely associated with major elements in natural materials, especially with Al, Fe, and Mn (see Fig. 4 ). A different cluster pattern, however, was observed in the HKI urban soils. Metals such, as Cd, Cr, Cu, Ni, Pb, and Zn, in the urban soils formed a distinct cluster at a distance cluster of about 8. This suggested the association between these elements was very significant. Only Co was found to be associated with the major elements in the urban soils, especially with Mn, at a distance cluster of about 7 (see Fig. 2 ). The clusters in the suburban soils showed that heavy metals were associated with the major elements (see Fig. 3 ). However, the clustering pattern of elements was less distinct in the suburban soils. The associations between the heavy metals and major rock-forming elements may reflect both anthropogenic and natural inputs in the soils.
In general, the results of CA agreed well with that of the PCA. The differences between the HKI urban soils and country park soils were well illustrated in both analyses. The anthropogenic inputs in the urban environment caused significant enrichments of heavy metals, such as Cd, Cr, Cu, Ni, Pb, and Zn in the soils.
Therefore, the original associations of these elements with major elements derived from their natural sources were altered, demonstrating a different clustering pattern in these soils.
GIS based analyses
Spatial distribution of trace metals
The soil pollution maps of heavy metals including Cd, Co, Cr, Cu, Ni, Pb, and Zn were generated using GIS. The results of the selected elements are shown in Fig.   5 . The spatial distributions of metals such as Cd, Cu, Pb, and Zn in soils were similar.
In fact, they were strongly correlated in the statistical results for the urban and suburban soils. Cadmium, Cu, Pb, and Zn in the soils may originate from similar sources and most probably from anthropogenic inputs. Previous studies have revealed that metal contamination in Hong Kong is significantly related with traffic and its related activities (Lau and Wong, 1982; Li et al., 2004) . Traffic emissions and other human activities may be a common source governing the distribution of Cd, Cu, Pb, and Zn in soils. Moreover, the spatial distribution of Co (see Figure 5 ) was distinctly different from the trace elements such as Cd, Cu, Pb and Zn. High concentrations of
Co were mainly found in the western and southern Hong Kong Island, which may attribute to the inputs from natural sources.
As discussed above, the urban and suburban soils of Hong Kong Island were highly enriched with metals, including Cu, Pb, and Zn. These three metals were therefore used to calculate the soil pollution index (SPI), which represents the overall degree of metal pollution in soils. The calculated data was used to form the map of the soil pollution index (see Fig. 6 ). The northern and western parts of Hong Kong Island were found to be more polluted than the other parts of the study area, with SPI > 1.
This result indicated that the soils in these areas contain elevated concentrations of Cu, Pb, and Zn that exceed the Dutch target values (36 mg/kg, 85 mg/kg, and 140 mg/kg for Cu, Pb, and Zn, respectively). In particular, in Wan Chai, a crowded old residential and commercial area in Hong Kong, the SPI value of 6.7 was almost seven times that of the target values. At Shau Kei Wan, an old residential and commercial area, the SPI value of 3.4 was more than three times that of the target values. Other hot-spot areas with SPI values ranging from 1 to 2 were widely distributed in the northern and western parts of Hong Kong Island (see Fig. 6 ). The south-eastern part of Hong Kong Island was less contaminated with heavy metals, probably because of the area has lower population density with little traffic and few industrial activities.
Spatial Analysis of the Soil Pollution Index with AADT
The Annual Average Daily Traffic (AADT) data of major and minor roads in Hong Kong Island was interpolated using GIS and presented in a thematic map ( was overlaid on the three-dimensional map of the Soil Pollution Index (Fig. 8) . Some of the hot-spots areas as indicated by high Soil Pollution Index values were near the high traffic zones, including Wan Chai (SPI = 6.7) and Shau Kei Wan (SPI = 3.4).
The major roads near the hot-spot at Wan Chai included Gloucester Road connecting the main cross harbour tunnel (AADT = 168,480); and the major expressway, the Island Eastern Corridor (AADT = 50,720), was in close vicinity to the hot-spot at Shau Kei Wan. Vehicular emissions from intensive traffic activities contributed mainly to the enrichment of heavy metals in these areas. The effect of wind may have led to the further dispersion of elements such as Cu, Pb, and Zn from these high traffic areas to the surrounding areas through atmospheric deposition.
Pb isotopic composition analysis
A total of 30 samples from the urban, suburban, and country park soils were analysed for their Pb isotopic compositions. Pb/ 207 Pb ratios of the urban soils were found to be significantly lower than those of the suburban and country park soils. The Pb isotopic ratios of urban, suburban and country park soils, the natural parent rocks in Hong Kong, the urban dust in Hong Kong, the vehicular exhaust in the Pearl River Delta, and the Australian Pb ore are shown in Fig. 9 . The Pb isotopic ratios of the urban, suburban, and country park soils formed a linear line between the natural parent rocks and the known anthropogenic sources (R 2 = 0.953). This implies that the enrichment of Pb in the urban soils of Hong Kong Island was probably due to binary mixing between vehicular emissions (i.e., lead additives from Australian ore in the fuel in the past) and geological materials. Similar results were obtained in another study of heavy metal contaminations in the Kowloon urban area of Hong Kong . Although the use of leaded petrol had been banned in Hong Kong since 1999, the Pb contamination in the urban soils due to the historical use of Pb in petrol was still significant.
Highly contaminated soils were known to have Pb isotopic signatures reflecting their anthropogenic source Li et al. 2004 ). The Pb isotopic ratios of HKI urban, suburban, and country park soils with different Pb concentrations were plotted in Fig. 10 
Conclusion
Multivariate statistical methods and geographical information system (GIS)
were used to assess the degree of heavy metal contamination in the soils of the urban, 
